Abstract. Using rigorous coupled wave analysis (RCWA) and finite element method (FEM) simulations together, many interesting ellipsometric measurements can be investigated. This work specifically focuses on simulating copper grating structures that are plasmonically active. Looking at near-field images and Mueller matrix spectra, understanding of physical phenomena is possible. A general strategy for combatting convergence difficulties in RCWA simulations is proposed and applied. The example used is a copper cross-grating structure with known slow convergence. Baseline simulations on simple samples are provided for comparison and determination of FEM accuracy.
Introduction

Ellipsometry and Optical Critical Dimension
Due to its nondestructive nature and fast data acquisition time, ellipsometry is an ideal optical metrology tool, used extensively throughout semiconductor manufacturing. 1 Fundamentally, ellipsometers measure the change in the polarization state of incoming light due to interaction with a sample's surface. 2 Optical critical dimension (OCD) analysis makes use of this data in conjunction with a structure that closely matches the experimental reality (using SEM, TEM, and so on, information) to model the system. 3 Typically, some regression-based fitting is involved, i.e., structural parameters are varied in order to minimize deviation from the experimental data. 4 When the figure-of-merit (usually mean square error) is minimized, the structural parameters are determined and compared again to other metrology tools for value confirmation, although some variation is expected depending on the method used for comparison. 5 The most common simulator type for ellipsometry-based OCD tools is rigorous coupled wave analysis (RCWA). As for ellipsometry, RCWA has found favor in industry for its fast computation time and accuracy for typical samples. 6 For more complex samples, RCWA can fail to converge to an appropriate solution. 7 One specific category where RCWA has difficulty is metallic materials which display plasmonic activity. 8 This has been known for 20 years specifically for metallic gratings. 9 The work that follows will address these issues.
Motivation
Although this work will focus on copper-based gratings, the general principles laid out below are applicable to scatterometric targets with resonant behavior. Using electromagnetic field images from finite element method (FEM) simulations in conjunction with Mueller matrix spectra from RCWA simulations allows for a fuller understanding in a phenomenological sense. Put another way, ellipsometry data can be analyzed in terms of near-field phenomena assuming there is some resonance of interest. This could be used to separate resonant phenomena from simple dielectric responses when spectra contain features of unknown origin.
It is well known that RCWA can reproduce surface plasmon resonances (SPR) accurately in terms of spectral location. 10 Modeling the entire ellipsometric spectra for such a sample is considerably more challenging, often overlooked in favor of resonant agreement. Due to the nature of optical modeling in general and RCWA specifically, such resonance-only modeling is bound to produce inaccurate conclusions. Specifically, while basic RCWA simulations produce correct pitch-dependent SPR for metallic gratings, modeling the rest of the structure, e.g., width, thickness of grating, and composition of underlying layers, is ignored. Additionally, the experimental spectral features with physical significance may be absent in RCWA simulations for such structures. For example, copper cross-grating structures produce various easily reproducible surface plasmon features; however, full modeling requires inclusion of localized plasmon features which have different spectral behavior depending on the RCWA simulation accuracy.
Plasmonics
Since the main sample of interest in this work is plasmonically active, a brief background on plasmonics will be presented. Broadly speaking, plasmons describe what happens when electromagnetic fields are confined over subwavelength dimensions. The most familiar plasmon is produced due to the interaction of incoming light with a metallic surface. If this metallic surface is small and structured, the plasmon is localized to that small area or volume, hence the term localized plasmon. If the metallic surface can be approximated as flat and continuous over the measured volume, the plasmon is confined to the surface of the metal, hence the term surface plasmon.
Since these two plasmons have different effects on our simulated spectra, they will be separated in this introduction. First, surface plasmons and then localized plasmons will be discussed. Additional detail and discussion is provided with the analysis in the sections that follow.
For analysis purposes, split transverse electric (TE, s) and transverse magnetic (TM, p) incoming light due to different boundary conditions and assume no cross-polarization response. For these modes incident on a planar interface, Maxwell's equations can be written as (TE polarization)
E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 6 3 ; 5 7 6
E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 6 3 ; 4 9 3
where β is the propagation constant and ω is the wave vector of the propagating wave. For each set of equations above, the first two are the governing equations while the third is the wave equation for those modes. Define z > 0 to be dielectric (air) above a metal surface and z < 0 to be a semi-infinite slab of metal. While these equations could be solved simultaneously, their solutions have different physical significance. Looking first at the TM equations, the solution is (TM sol'n, z > 0) E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 6 3 ; 3 1 1
(TM sol'n, z < 0) E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 6 3 ; 2 2 1
where subscripts M indicate metal layer quantities and D indicate dielectric layer quantities. If we require A D ¼ A M and look at the continuity of the electric fields across the interface, two relations are produced:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 6 3 ; 1 0 5
E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 3 2 6 ; 7 4 1
0 ϵ i ; which can further be combined to determine the surface plasmon dispersion relation E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 3 2 6 ; 7 1 4
Consider that the first relation requires the indices of the metal and dielectric permittivity be opposite in sign while the second relation implies that β > k 0 for plasmonic applications. Consequently, devices must make use of some form of coupling to bridge the gap between the light line and the surface plasmon, either a prism or a nanostructure on the sample surface. The most common nanostructuring is a simple grating due to large scalability and ease of production; the simulations produced for this work are all grating-based.
Surface plasmons require some penetration depth in the metal, e.g., a perfect conductor cannot support surface plasmons while real metals can. Grating geometries are a source of effective penetration depth so that perfect conductors can support surface plasmons as well-these are called spoof or designer plasmons as the plasmonic resonance can be tuned by changing the geometry of the grating. Importantly, this means the spectra produced from plasmonic gratings composed of real metals can be dominated by the spoof plasmons and not the simply derived equation above. Spoof plasmons form a rarely experimentally studied subset of potentially localized plasmon resonances.
Taking the above derivation and attempting to use TE modes instead of TM modes produces the boundary condition A M ðk M þ k D Þ ¼ 0 due to continuity of the fields at the interface. There is no nontrivial solution to this equation, thus TE modes cannot sustain SPR. Note that both TM and TE modes can support localized (nonpropagating) modes such as those seen in cavity excitations.
Using a simple conservation of momentum argument, it is straightforward to derive the grating coupling equation that is so often used in surface plasmon literature E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 3 2 6 ; 3 1 8β
where k in is the input light wavevector, β is the surface plasmon dispersion derived above, and k p is the grating wavevector, inversely related to the pitch of the grating. The integer m denotes the order of the SPR, although it is often set to −1, the primary resonance. Considering the limited wavelength region over which this work focuses (due to ellipsometry considerations), only this one order will be visible in spectra. The vector nature of this equation comes into play when the azimuthal angle changes from zero degrees, perpendicular to the grating.
The samples that are of most interest in this work are fully three-dimensional (3-D) and include many more orders of complexity. Instead of plasmons being produced only topdown on flat metal-insulator interfaces, additional coupling can occur through the dielectric in any of the three spatial dimensions. With asymmetrical parameter choices for these three dimensions, each azimuthal angle of measurement and angle of incidence produces different plasmon characteristics.
Localized plasmons, commonly thought of as particle plasmons, occur when isolated subwavelength metal nanostructures are excited into electrical resonance due to the applied electromagnetic field. For particles smaller than 0.1 μm and incident light in the visible or infrared region, the dipole approximation is valid whereby localized plasmons are induced by a resonance in the polarizability of the metal sphere E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 1 . 3 ; 6 3 ; 6 6 4
where r is the radius of the sphere. This can be generalized for an arbitrarily shaped object and further calculations comprising Mie theory can account for larger sized particles that require electrodynamic considerations. Plasmons of this sort are referred to as Mie plasmons. Localized plasmonic effects are also present in metal samples which can be used for tunable absorption of light. One such application seen in the literature is a gold grating interspaced with dielectric for tunable absorption in the far-IR. 11 These plasmons are Fabry-Pérot-like cavity modes which are dependent on the entire geometry of the grating structures. This is the basis of our major findings: cavity modes can be used to dramatically increase sensitivity to feature dimensions even for simple copper-dielectric structures.
Simulation Methods
As mentioned, the two simulations methods used in this work are RCWA (NanoDiffract, provided by Nanometrics) and FEM (JCMWave). While the RCWA software is well suited to scatterometric measurements, the FEM required additional subroutines to calculate quantities such as Jones and Mueller matrices. For metallic samples specifically and complex samples in general, RCWA can fail to converge, leading to inaccurate modeling of ellipsometric data. The speed with which RCWA computations can be processed is unmatched for these purposes, making it the preferred method, so some check is required for accurate modeling. There are thus three key steps to modeling a sample with the methods to be presented:
1. Ensure FEM accuracy by modeling a simple sample with known RCWA or experimental data. 2. Simulate sample of interest with FEM, produce baseline data. 3. Use baseline data to ensure RCWA convergence for sample of interest, then use RCWA for further calculation.
As will be described, RCWA and FEM are momentumand real-space numerical simulation methods, respectively. It is clear that agreement between these methods will occur when both are producing accurate, physical results. When this agreement is achieved, simulations can proceed with RCWA as normal, only checking FEM agreement as necessary. Note that step 1 refers to the accuracy of the FEM simulator, not the accuracy of the simple sample mentioned. It is assumed that a simple sample will be easily modeled and confirmed correct with complementary techniques, e.g., measurement and verification of a thin film sample.
Rigorous Coupled Wave Analysis
Derived from Fourier-transformed Maxwell's equations, RCWA is a momentum-space method that reduces optical interactions to a 2N þ 1 eigenvalue search for each polarization of interest (usually both p-and s-polarizations). To get to this point, the full Fourier series has been truncated at N terms. The eigenequation can be written in the standard form 12 Crucial to the discussion in the results section is the concept of convergence. When the Fourier series is truncated, or approximated, some numerical error is introduced. If this error becomes large enough, the approximation produced by RCWA is no longer accurate, thus the simulation has failed to converge to the solution value. For metallic materials, this problem is prevalent and care must be taken to ensure convergence is achieved.
Finite Element Method
For any FEM simulation, the computational domain is divided into many triangular and rectangular elements (composing a mesh) with more elements at key locations such as at an interface or where some feature of interest is located. The partial differential equations (here Maxwell's equations) are then discretized over the mesh and numerically analyzed. The solution set is approximated by polynomial vector fields. As such there is a residual-based error estimation that can be used for further mesh refinement.
For this work, the FEM has been set up specifically to model the ellipsometric measurement process. In addition to using Maxwell's equations to describe the input fields and boundary conditions, ellipsometric input and exit angles were used. Additionally, azimuthal rotation was included for simulation flexibility. In the postprocessing portion of the FEM, output fields were converted into Jones and Mueller matrix quantities in order to analyze optical interactions simply and in a similar manner to standard RCWA practice.
Comparison for Simple Samples
By convention, the Mueller matrix element M 12 is used for most simulation representations since it is simply related to the amplitude change ψ E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 . 3 ; 3 2 6 ; 1 6 7
where for the ψ terms the first subscript indicates the polarization of the incoming light while the second subscript indicates the polarization of the reflected light. For nonconical diffraction modes, this reduces to a simple sinusoidal dependence on the amplitude change. To confirm that the FEM is producing experimentally verifiable results, simple thin film simulations were performed such as the one presented in Fig. 1 . For a 70-nm SiO 2 thin film on a Si substrate, both simulation methods line up closely with the variable angle spectroscopic ellipsometry (VASE) data. The nominal thickness value was used for both simulation methods, thus explaining the slight offset between data sets. Figure 2 shows an example sample, a simple rounded silicon line on a silicon substrate with air surroundings. Note that this is a periodic structure: the representation shown is for one unit cell of an infinite array in the x-direction (left to right) and y-direction (into and out of the page), with nonperiodicity in the remaining z-direction. Since RCWA requires this periodicity, all FEM simulations shown will likewise maintain these restrictions for consistency and comparison. While largely featureless (and thus omitted), these simulations are useful for tuning the mesh of FEM and harmonics of RCWA. Figure 3 shows a comparison plot between RCWA (lines) and FEM (symbols) simulations for a simple two-dimensional (2-D) copper grating with a pitch of 200 nm and width (critical dimension, CD) of 100 nm. Good agreement is maintained for the majority of the spectra with some error present around 1025 nm. This is likely due to the FEM step size which was set at 25 nm for this data set. As such, sharp features would not necessarily be sampled properly leading to apparent disagreement even when the two methods agree.
In addition to the samples mentioned above, various thin film and anisotropic grating measurements with known experimental data were reproduced with the FEM, including conical diffraction effects at nontrivial azimuthal angles. This demonstrates that the FEM is functioning properly and can be used to provide the baseline data for more complex samples to check RCWA convergence.
Sample of Interest Description
As mentioned in the introduction, certain samples are particularly difficult to model in RCWA. The main focus of this work is modeling copper cross-gratings that display localized plasmon spectral features. These are shown schematically in Fig. 4 , with standard parameter choices shown in Table 1 . Note that these are reference values, the phenomena seen occur for a broad range of choices, sometimes with improved, desired results, e.g., sensitivity to changes in CD increase as the CD decreases. For prospective users, these structures will greatly enhance the sensitivity of key parameters used in optical metrology. Specifically, the presented results show marked improvement in metallic line width sensitivity with likely additional sensitivity to potential rounding or shape deformation. As such, this structure would primarily be a characterization-enhancement structure, although there are reasonable extensions to tool calibration for improved matching based on a characteristic plasmonic feature. Other characteristics such as electrical properties are beyond the scope of this work. E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 3 ; 6 3 ; 2 2 3
it is standard practice to show field images in terms of the magnetic field. This is also a practical consideration: electric field resonances appear as sharp point-like features at interfaces while magnetic field resonances are broad and intuitive.
Three-Dimensional Plasmonic Grating
Before turning to full 3-D cross-gratings, it is informative to analyze simple 2-D copper gratings. These are pictured both schematically and in FEM mesh form in Fig. 5 . For the given parameters listed, Mueller matrix spectra for the elements M 12 , M 33 , and M 34 are shown in Fig. 6 . Each of these elements has one nondielectric-based feature: a maximum or minimum when the input light has a wavelength of 950 nm. The plasmonic nature of this feature, as well as the confidence that it is the only feature of interest, is determined using magnetic field images as described below. Although field images were produced for the entirety of the spectra in Fig. 6 , only two are shown to explain the given phenomena. In Fig. 7 , the standard dielectric response is seen for a given input wavelength of 600 nm. This is characteristic of the majority of the simulated spectra. Since there are no clear features, it can be assumed that this is the baseline for a copper grating when no coupling is present.
Compare this with Fig. 8 where there are extremely intense pockets of magnetic field located above the copper portion of the grating. This is exactly what one would expect to see for SPR when coupling to a metallic grating. As such, spectral features for copper gratings between 800 and 2000 nm such as the one seen in Fig. 5 indicate some form of plasmonic resonance. Determination of character requires magnetic field image simulations.
When a copper plate is added in between the top copper grating and the dielectric fill, localized plasmonic resonances occur due to a coupling between the two metallic layers. This has been explained as a Fabry-Perot-like resonance, detailed in Ref. 13 . Confirmation of this effect is seen in Figs. 9 and 10, showing a higher order and fundamental localized plasmon resonance, respectively.
These two effects, surface and localized plasmons, will be visible in the full 3-D copper cross-grating and determination of their character has been determined using images as shown above. Only Mueller matrix spectra will be shown with resonance character indicated as appropriate.
Three-Dimensional Plasmonic Cross-Grating
For the full cross-grating structure, further analysis of Mueller matrix spectra can be achieved by looking at the p-and s-components reflectance values. Begin with the M 12 spectra in Fig. 11 with one surface plasmon at 700 nm, two localized plasmon minima, and two localized plasmon maxima. Figure 12 contains the p-and s-polarized components of the reflectance, showing that minima in R P induce maxima in M 12 while minima in R S produce minima in M 12 . This is shown for a wide range of smaller grating widths (CD Y ), showing that the localized minima are extraordinarily dependent on the CD of the structure. In previous work, 14 the location of these minima was thought to be dependent on the fill factor (ratio of the grating to unit cell area) which produces higher order resonances with increasing CD. As seen in Figs. 13 and 14 , the true behavior is a trend toward a single minima value with increasing CD. This is a real, physical difference that would have been overlooked without careful FEM analysis.
With a thorough baseline and understanding as detailed above, convergence of RCWA can finally be tested. Example spectra are shown in Fig. 15 , showing very good agreement between two largely incompatible methods. Note that the FEM step size in the right figure is again too broad to claim significant disagreement between the methods. This is a vast improvement over previous publications which settled for reproducing only SPR, ignoring the physically significant ambient spectra. Comparisons between RCWA and FEM simulations can be made for all parameter variations of a given structure. For example, variation of the height of the top copper grating, T 2 , is analyzed in Fig. 16 using both methods. It is clear that some step size and model refinement is needed for exact agreement. Improvement can be achieved if the cost limitations of RCWA and time limitations of FEM are overcome. Specifically, these RCWA simulations were produced using Nanometrics' new Chorus computation engine with cloud computing capabilities to assure convergence and decrease time of computation. As for the FEM, a single wavelength simulation takes on the order of 5 min to complete and an ellipsometric spectra contains between 50 and 200 wavelengths, i.e., 4 h of computation time. If lack of convergence is an issue of interest, overcoming one of these limitations would be sufficient to verify solution applicability. Fig. 12 The p-polarized reflectance R P and s-polarized reflectance R S versus the wavelength of light for a variety of CD values for the small copper lines in a cross-grating. φ ¼ 90, (a) R P and (b) R S for various widths of the smaller grating (CD). Two clear orders of localized plasmon seen. Remaining structural parameter choices can be found in Table 1 . 
Conclusion
Using FEM calculations as a source of comparison, RCWA simulations can be tested and adjusted for convergence regardless of previous computational difficulties. Additionally, analysis of Mueller matrix spectra in terms of magnetic field images has been presented, offering a path toward phenomenological optical metrology. Due to agreement between real and momentum-space methods, experimental confirmation is expected in the near future when samples are prepared. Quantification of results will follow once regression is implemented into the FEM simulations and a sample is prepared as described. 
